Abstract-This paper proposes a novel modular voltage balancing topology for an active battery management system (BMS). The proposed topology consists of two power stages. The first stage is composed by a switch network, which is responsible for selecting the battery that will provide energy and the battery that will receive energy. In the switch network, for each battery, are used two cells, which allow the operation with bidirectional current flow and bipolar voltage. The second stage is composed by a capacitor used as energy storage element, which consists in the component used to link both batteries. The switch network control and its interaction with the energy storage element is performed by a digital controller. The paper presents the main computer simulations, as well as the main experimental results obtained to validate the proposed voltage balancing topology for an active BMS.
I. INTRODUCTION
Nowadays, energy storage systems (ESS) have gained notoriety mainly due to the renewables introduction and electric mobility applications [1] [2] [3] . Although exist other technologies for energy storage, the most common are based in batteries or in hybrid systems composed by ultracapacitors and batteries [4] [5] [6] . Using batteries as ESS, it is also required use smart battery chargers to perform the charging process with the most adequate algorithm and according to the different features of the electrical installation [7] [8] [9] , as well as a system capable to perform their energy management and also monitor the key parameters of the batteries (e.g., current, voltage, remaining capacity and temperature). These systems are connected directly to the batteries and are defined as battery management systems (BMS) [10] [11] [12] .
The main task of a BMS consist in guarantee that the batteries are always operating within its nominal values, offering protection against to its natural changes in characteristics and also against misapplication [13] [14] . Therefore, it is possible to obtain the maximum efficiency during the batteries charging or discharging process contributing to preserve its lifetime [15] [16] . As aforementioned, the BMS has the capability to measure voltages, currents and temperatures, and based on these variables, estimate, in each moment, the state-of-charge (SoC) and the state-of-health (SoH) [17] [18] [19] . Nevertheless, the main functionality that should be performed by a BMS is the voltage balancing of the batteries [20] [13] . Neglecting this functionality, the different individual battery voltages will drift apart over time, and the global batteries capacity will decreased fast contributing to an aging more than expected.
There are several circuit topologies to implement the batteries voltage balancing. These topologies are divided in passive and active. A comparison between passive and active battery balancing based on MATLAB simulations is presented in [21] . The first method consist in remove energy from the batteries with higher voltage through a passive element (resistor). The second method consist in remove energy from the batteries with higher voltage to the batteries with lower voltage [22] . In this method is required an intermediary energy storage element (capacitor or inductor). The main topologies that use the capacitor as energy storage element are: switched capacitor; double-tiered switched capacitor; single switched capacitor; and modularized switched capacitor [21] . On the other hand, the main topologies that use the inductor as energy storage element are: single/multi inductor; single windings transformer; and multi/multiple windings transformer [21] . The complexity of a BMS is dependent of the batteries technology and is divided in two main architectures: centralized and distributed [23] . In a centralized architecture the different functions are incorporated in a single system that is responsible for the BMS. In a distributed architecture the battery bank is divided in modules identified as slaves, where there are a master module that is responsible for the management of all the slaves [23] .
In this context, this paper proposes a novel modular voltage balancing topology for BMSs. Fig. 1 shows the architecture of the proposed modular topology for active BMS. As it can be seen, it is composed by the bidirectional (current) bipolar In section II is described in detail the principle of operation of the proposed voltage balancing topology for BMSs, i.e., it is described the power stage and the digital control system and are presented the main simulation results. In section III is presented and described the developed laboratorial prototype. Section IV presents the main experimental results obtained to validate the proposed voltage balancing topology for BMSs. Finally, section V presents the main conclusions.
II. PROPOSED TOPOLOGY: PRINCIPLE OF OPERATION
This item presents in detail the principle of operation of the proposed modular topology for an active BMS. Fig. 2 shows the proposed modular topology for active BMS. The main purpose of the proposed system is balance the voltage across batteries array. Therefore, the balancing process is performed in three main stages. In a first stage, it is measured the voltage of each battery in order to identify the batteries with lower and higher voltages. After that, in a second stage, the battery with higher voltage is connected to the energy storage system through the switch network. Finally, in a third stage, the battery with lower voltage is connected to the energy storage system also through the switch network. The second and third stages are repeated until the balance the voltage across both batteries.
A. Power Stage

B. Digital Control System
As aforementioned, the process to balance the voltage across the batteries is determined by the switch network, which is controlled by the digital control system. The simpler process to control the MOSFETs of the switch network consists in use a pulse-width modulator (PWM) with fixed or variable duty-cycle. Using a fixed duty-cycle it is established the same time for the capacitor charging and discharging. On the other hand, using a variable duty-cycle it is established different times for the capacitor charging and discharging. The selection of each method should be done according to the capacitor behavior. Moreover, also the PWM frequency should be selected according to the capacitor behavior, otherwise the balancing process is not optimized. The influence of this parameters in the balancing process is demonstrated through simulation results.
C. Simulation Results
This section presents the main simulation results that illustrate the principle of operation of the proposed modular topology for BMSs. The simulation results were obtained with the software PSIM v9.0.
Analyzing Fig. 2 , and assuming that the voltage across the battery 1 (bat1) is greater than the voltage across the battery 2 (bat 2 ), it will be removed energy from bat 1 to be delivered to bat 2 . Therefore, when the MOSFETs g 3 and g 2 are on and the MOSFETs g 1 and g 4 are off, the current follows through the MOSFETs g 3 and g 2 and through the reverse diodes of the MOSFETs g 1 and g 4 . In this situation, the bat 1 will be connected to the capacitor (C ESS ), and the capacitor will be charged with the same voltage of bat 1 . The current path for this situation is shown in Fig. 5(a) .
On the other hand, analyzing Fig. 2 , when the MOSFETs g 1 and g 4 are on and the MOSFETs g 2 and g 3 are off, the current follows through the MOSFETs g 1 and g 4 and through the reverse diodes of the MOSFETs g 3 and g 2 . In this situation, the bat 2 will be connected to the capacitor (c ESS ), and bat 2 will be charged with the voltage of the capacitor c ESS . It is also important to note that this process of charge (from bat 1 ) and discharge (to bat 2 ) the capacitor c ESS will be repeated until both batteries reach the same voltage. The current path for this situation is shown in Fig. 5(b) .
The current to charge the capacitor is established according to the difference of voltage between batteries, i.e., increasing this difference increases the current. Therefore, the balancing process should be performed with a lower difference of voltage in order to reduce the current and optimize the balancing time. In order to illustrate that the proposed topology is suitable to balance the voltage across the batteries, it was considered a scenario with three batteries with three different initial voltages (v bat1 = 12 V, v bat2 = 10 V, v bat3 = 11 V). After the voltage balancing, it is predictable that three batteries will have the same voltage, i.e., the mean value of the three voltages (11 V). Fig. 3 shows the principle of operation of the proposed modular topology for active BMS during the voltage balancing process. Fig. 3(a) shows the voltages of the batteries (v bat1 , v bat2 , v bat3 ). As it can be seen, initially, the three voltages are unbalanced and after the balancing process, the three voltages are balanced. In this case, the voltage of the battery bat 2 remains the same, and is transferred energy from the battery bat 1 to the battery bat 3 . Fig. 3(b) shows the current in each battery. Once that is only transferred energy from the battery bat 1 to the battery bat 3 , the measured current in the battery bat 1 is positive and the current in the battery bat 2 is negative. Fig. 4 shows in detail the voltages and currents in the batteries (bat 1 , bat 2 , bat 3 ) and in the capacitor (c ESS ). Fig. 4(a) shows the voltages in the batteries (v bat1 , v bat2 , v bat3 ) and the voltage in the capacitor (v c ). On the other hand, Fig. 4(b) shows the currents in the batteries (i bat1 , i bat2 , i bat3 ) and Fig. 4(c) shows the current in the capacitor (i c ). As it can be seen, the voltage balancing between the batteries bat 1 and bat 2 is manly divided in two main stages. In a first stage, the capacitor is charged from the battery bat 1 . Therefore, there are only current (i bat1 ) in the battery bat 1 and in the capacitor (i c ). In a second stage, the battery bat 2 is charged with the energy stored in the capacitor. Therefore, there are only current (i bat2 ) in the battery bat 2 and in the capacitor (i c ). III. DEVELOPED PROTOTYPE The developed prototype is divided in two main parts, the switches network of the power circuit and the digital control system.
The switches network is constituted by three parts: the MOSFETs of the bidirectional bipolar cells, the MOSFETs drivers, and the capacitors of the energy storage system. For the MOSFETs it is used the model IXFQ50N50P3 from the manufacturer IXYS. The MOSFETs drivers is mainly composed by the driver ADUM5230 from the manufacturer Analog Devices. This driver has two channels, therefore, it is used one driver in each bidirectional bipolar cell. The main advantage of this driver is related with the internal isolated dc-dc converter. This driver also guaranties that the output signals are isolated from the input signals, i.e., it is used to isolate the control circuit from the power circuit. The energy storage system is composed by an array of five capacitors (connected in parallel) in order to obtain a capacitance of 50 µF. Taking into account that this is a laboratory prototype were selected capacitors with nominal voltage of 100 V (although using a batteries with nominal voltage of 12 V).
The digital control system is mainly based in the DSP TMS320F28027 from the manufacturer Texas Instruments. This DSP is programmed in C language using the software code composer studio from Texas Instruments. Fig. 6 shows the flowchart of control algorithm of the proposed modular active BMS. As it can be seen, the control algorithm is divided in three main stages. In a first stage are measured the voltages of the batteries using the internal ADCs of the DSP. In a second stage, the acquired voltages are filtered with a digital filter and is used an algorithm to identify the batteries with higher and lower voltages. In the third stage is applied the PWM signal to the bidirectional bipolar cells of the batteries with higher and lower voltages. The balancing process is interrupted when the voltages are similar.
IV. EXPERIMENTAL RESULTS
This item presents the main experimental results obtained with the developed prototype (cf. item III) of the proposed modular voltage balancing topology for active BMS. The experimental results were obtained with the digital oscilloscope Tektronix model TPS 2024. Fig. 7 shows the developed printed circuit board for each bidirectional and bipolar cell of each battery. Specifically, Fig. 7(a) shows the top view where it is possible identify the connections (PWM, MOSFETs, and battery) and Fig. 7(b) shows the bottom view where it is possible identify the MOSFETs driver (this driver is used to separate the control circuit from the power circuit). switching frequency of 25 kHz, and Fig. 9(b) for a switching frequency of 50 kHz. As it can be seen, in both cases, the capacitor is charged from the battery bat 1 and discharged to the battery bat 2 . The maximum current in each battery is influenced by the switching frequency. As expected, it is greater with lower switching frequency. This current is also influenced due to the initial difference of voltage between the two batteries (Δv = 3.5 V), i.e., increasing the Δv will increase the current in each battery. Fig. 10 shows the experimental results of the voltage in the capacitor (v c ), and the voltage in the batteries bat 1 (v bat1 ) and bat 2 (v bat2 ) for a switching frequency of 50 kHz. Fig. 11 shows the experimental results of the voltage balancing of two batteries. Initially, the measured voltage difference (Δv) between the batteries bat 1 and bat 2 was 1020 mV and the final voltage difference (Δv) was 460 mV, i.e., a reduction of about 45%. As it can be seen, to balance 560 mV were required 10 hours. From this experimental result it can be conclude that the voltage balancing is faster in the first hour and lower in the last hour. It can also be concluded that this initial voltage unbalance (1020 mV) should be avoid in order to optimize the time required to perform the voltage balancing. Therefore, the control algorithm should detect a minimum initial voltage unbalance between the batteries in order to optimize the balancing process in terms of the time required.
V. CONCLUSION
This paper proposes a novel modular voltage balancing topology for an active battery management system (BMS). The principle of operation of the proposed topology is described in detail, namely, the switches network and the digital control system. The proposed topology was validated through experimental results with a developed laboratorial prototype. The experimental results allow to conclude that the voltage balancing is faster in the beginning, and slower in the ending of the process. It was also possible to conclude that the initial voltage unbalance should be the lower possible in order to optimize the time required to perform the voltage balancing and to minimize the currents. The experimental results were obtained to validate the proposed topology, i.e., the voltage balancing process. In the final application, the voltage of each battery will be continuously measured and when is detected Δv between batteries that the voltage unbalance is greater than a predefined threshold, the voltage balancing process is performed.
